Abstract: Quantitative criteria for assessing demographic sustainability of tree populations would be useful in forest conservation, as climate change and a growing complex of invasive pests are likely to drive forests outside their historic range of variability. In this paper, we used CANOPY, a spatially explicit, individual-tree model, to examine the effects of initial size distributions on sustainability of tree populations for 70 northern hardwood stands under current environmental conditions. A demographic sustainability index was calculated as the ratio of future simulated basal area to current basal area, given current demographic structure and density-dependent demographic equations. Only steeply descending size distributions were indicated to be moderately or highly sustainable (final basal area/initial basal area ≥0.7 over several tree generations). Five of the six principal species had demographic sustainability index values of <0.6 in 40%-84% of the stands. However, at a small landscape scale, nearly all species had mean index values >1. Simulation experiments suggested that a minimum sapling density of 300 per hectare was required to sustain the initial basal area, but further increases in sapling density did not increase basal area because of coincident increases in mortality. A variable slope with high q-ratios in small size classes was needed to maintain the existing overstory of mature and old-growth stands. This analytical approach may be useful in identifying stands needing restoration treatments to maintain existing species composition in situations where forests are likely to have future recruitment limitations.
Introduction
In plant ecology, there is no close analog to the concept of 'minimum viable populations' in animals. Extending this concept to plants has proven difficult because of the increased role that spatial processes play in non-motile populations [1, 2] . Nevertheless, several investigators have applied the population viability analysis framework from animal ecology to understory plants [3, 4] . In this framework, Monte Carlo simulation is used, generally with a probabilistic life-table model, to assess a population's probability of persistence [1] , oftentimes including the influence of stochastic disturbance. Various persistence criteria have been used. But because population viability analysis is most often applied to threatened or endangered species, persistence criteria are often satisfied if the target population does not become extinct. Less emphasis has been placed on demographic sustainability; i.e., maintaining levels of abundance close to, or above, current levels.
The traditional criterion used to judge the demographic sustainability of tree populations is that size distributions have a descending monotonic form, so that higher numbers of small trees can compensate for size-specific mortality [5, 6] . In the American forestry literature, the steepness of slope has been quantified by the 'q-ratio', defined as the ratio of the number of trees in successive diameter classes [7, 8] . A descending monotonic form, however, is not a definitive criterion of demographic sustainability. Some size distributions of this form could be unsustainable if mortality rates are higher than recruitment rates, and neither of these rates can be determined without long-term data. Moreover, under certain conditions, a steeply descending monotonic form might be unnecessary for sustainability. For example, gap-phase species may not need to maintain large sapling populations to compensate for mortality if sapling growth rates within gaps are high and mortality rates are low [9] . In such cases, a relatively 'flat' size distribution might be sustainable. Likewise, a unimodal size distribution could conceivably have an underlying stable age distribution in some cases. Fast growth in smaller trees might allow them to escape high mortality rates in the sapling classes, while low mortality and declining growth with increasing diameter might cause trees to 'pile up' in the medium size classes (sensu Goff and West, [10] ). Evidence for stable unimodal distributions has been reported for certain species in some tropical forests [9, 11] .
There are a number of important North American tree species for which existing means of assessing sustainability do not provide a definitive assessment. Old-growth stands of coast redwood (Sequoia sempervirens (D.Don) Endl.), a dominant shade-tolerant species across >600,000 ha of coastal forests in California and Oregon, often have relatively flat size and age distributions in which recruitment rates seem to be low [12] . In eastern hardwood forests, yellow birch (Betula alleghaniensis Britton) and tulip poplar (Liriodendron tulipifera L.), which can function as gap-phase species in older forests, also frequently have flat or shallow size distributions with relatively few young trees [13] [14] [15] . It is not entirely clear if any of these species are maintaining sustainable size distributions in these stands.
The topic of population sustainability is likely to become increasingly important in this century because of large numbers of anthropogenically-induced stressors such as climate change and invasive species. Under these conditions, more rigorous criteria are needed for judging the long-term population sustainability of various size distributions. Recently, two studies with somewhat different objectives have independently proposed more rigorous criteria for evaluating demographic sustainability of tree species. Cale et al. [16] and Marks and Canham [17] both proposed methods for evaluating sustainability of tree species at a landscape level with applications for current forest health assessment. Observed mortality from a recent field census is compared with 'baseline mortality' required to maintain the existing size distributions in order to determine if current mortality exceeds the expected norm. The intent in these methods is not to predict the future size distribution, as both methods assume constant ingrowth and a stationary baseline mortality function. Uneven-aged forest structure at the landscape scale (monotonically descending size distribution) is also assumed.
The current paper uses a model-based method that has a somewhat different and more general objective of examining how the initial size distribution affects long-term population sustainability under present environmental conditions. Recruitment, tree growth, and mortality all respond to fluctuations in stand density based on field-calibrated equations in the model (CANOPY, [18, 19] ). The model can therefore predict longer-term changes in forest structure at both the stand and landscape level, as well as changes in even-aged vs. uneven-aged stands, and second growth vs. old growth [20, 21] . Standard runs of the model are based on calibration data collected prior to the onset of recent major threats to forest health, which can serve as the historical mortality baseline. Prediction of forest change under future environmental stressors can also be done using the model, but it requires either re-calibration of model equations under changing conditions or else adjustment of equations to reflect various hypothetical, future scenarios.
In this paper, we use the individual-tree model CANOPY to examine temporal changes in various initial, observed size distributions in mature and old-growth forests under different recruitment scenarios and disturbance regimes. A quantitative index of demographic sustainability, which measures the degree to which initial basal area is maintained, is also used as a convenient way to compare results among multiple species, various spatial scales, and disturbance regimes. Simulation experiments are also conducted to determine the minimum number of saplings needed to sustain the overstory basal area of a species and the overall stand. Specific research questions include: (1) How is population sustainability related to the shape of the initial size distribution and the initial number of saplings? (2) How does sustainability vary among species of different shade-tolerance classes? and (3) How is sustainability among species affected by the spatial scale (stand vs. landscape)? The simulations incorporate both background mortality and episodic natural disturbance but do not include direct human manipulation; simulations of alternative silvicultural treatments have been presented elsewhere [22, 23] .
Methods

Study Areas
Field sites were located in portions of three large landscape reserves of primary northern hardwood and hemlock-hardwood forest with no or little past logging in western upper Michigan, USA. These included 23,000 ha of the Porcupine Mountains Wilderness State Park, Sylvania Wilderness in the Ottawa National Forest, and a tract of protected private lands administered by the Huron Mountain Wildlife Foundation. These sites are well suited for the simulation experiments in this study because they contain stands with an unusually wide range of size distributions and developmental stages, including various stages of old growth [24] . Sugar maple (Acer saccharum Marsh.), eastern hemlock (Tsuga canadensis (L.) Carr.), and yellow birch strongly dominate most stands. These three landscape reserves, as well as sample plots in CANOPY's calibration data set, were largely free of major exotic pests, pathogens, and invasive plant and animal species at the time the data were collected. The two principal exotic pests and pathogens up to that time were Dutch elm disease (Ophiostoma ulmi) on American elm (Ulmus americana L.) and white pine blister rust (Cronartium ribicola) on eastern white pine (Pinus strobus L.). Both of these host tree species, however, were only minor species in the northern hardwood study sites and calibration data set. The data can therefore provide an approximate historical baseline for recruitment, growth, mortality, and gap formation for these sites prior to the onset of novel forest health problems.
Climate in the study sites is humid continental with mean summer temperatures of 20 • C and mean winter temperatures between −7.5 • C and −11 • C. Elevations range from~182 m near the shore of Lake Superior to 600 m further inland. Annual precipitation is approximately 80-90 cm and is well distributed throughout the year. Soils are typically of loam, sandy loam, or silt loam texture and are primarily Fragiorthods and Haplorthods. All plots were on mesic or dry-mesic habitats, with about two-thirds of the plots on the Acer-Tsuga-Dryopteris (ATD) floristic habitat type of Kotar et al. [25] . The ATD habitat is above average in productivity, with a sugar maple site index of approximately 19-20 m for base age 50 years [26] .
Field Methods
Plot locations were determined by random coordinates on maps of the primary forest zones. Seventy 0.5 ha plots were surveyed in the summers of 1981-1984 (from the data set of Frelich and Lorimer [27] ). Each plot was divided into seven contiguous 10.1 × 70.7 m strips. Species, diameter at breast height (DBH) and crown class were recorded for all trees >2.5 cm DBH. On some younger, dense stands comprised primarily of small trees, a subset of strips was tallied. Each plot generally included a population of >165 trees larger than 10 cm DBH and was representative of the species composition and size structure of the surrounding stand. A subset of 8 plots from a wide range of stand stages was designated as permanent plots and stem-mapped. Re-measurements were conducted in 1992, 2004, and 2011.
Model Description
CANOPY is a spatially explicit, individual-tree model that simulates sapling gap capture under a disturbance regime of background mortality (sensu Lugo and Scatena [28] ), as well as recruitment in larger openings created by natural disturbance or harvesting [18, 23] . The model utilizes field-calibrated, species-specific equations to predict the rate of sapling recruitment, tree growth, and mortality. Several unique features of CANOPY make it especially useful for investigating the research questions in this paper. The large calibration data set includes much data from old-growth forests, which facilitates long-term projections. The model includes detailed mechanisms for sapling recruitment, gap formation, and gap capture/gap closure dynamics. A separate module simulates the historic natural disturbance regime. The model itself has been subjected to numerous tests and found to give good agreement against permanent plot data and data from stands and locations not represented in the calibration data [18, 20, 21, 23, 24] .
The northern hardwood calibration data set for CANOPY v. 3, used in this paper, includes more than 12,000 trees on permanent and temporary plots measured between 1953 and 2007 in northeastern Wisconsin and western upper Michigan [19] . Stands in the calibration data span a wide range of forest developmental stages, from young even-aged stands to uneven-aged, old growth stands that include trees at the end of their lifespan. Stands also represent a wide range of past treatment history and stand densities, including unmanaged stands, recent clearcuts, shelterwoods, thinned second-growth stands, and managed uneven-aged stands. The very wide range of conditions in the calibration data set helps avoid simulations that extrapolate beyond the range of stand density, species composition, stand age, and stand structural characteristics in the observed data. The calibration data, even in the managed forest stands, can also be interpreted as reflecting baseline conditions of how forests responded to natural and human disturbance prior to the arrival of major exotic pests and other novel forest health problems. However, the model cannot be used to examine the effects of variables not directly included in the model equations, such as climate and past seedbed condition.
Calibration data for sapling recruitment were obtained from 192 plots in 68 northern hardwood and hemlock-hardwood stands in northeastern Wisconsin and western upper Michigan [18] . These stands span a similarly wide range of stand ages, stand densities, and past history. Trees >12 cm DBH were measured on 900 m 2 main plots, with trees <12 cm measured on nested 100 m 2 subplots. In large, permanent stem-mapped plots established in earlier studies (listed in [18] ), nested 100 and 900 m 2 plots were subsampled within the larger quadrants of the mapped plots.
CANOPY's recruitment module assesses the density of 2-6 cm DBH saplings on each 10 × 10 m cell within a larger mapped plot or stand. New saplings are added whenever the current sapling density is lower than the expected density predicted by the regeneration equation, given the overstory density on the surrounding 900 m 2 patch [18] . Species of new individuals are determined stochastically based on the local overstory composition and density following a method similar to Vanclay [29] .
CANOPY is currently calibrated for late-successional northern hardwood forests on mesic upland sites in which recruitment is primarily through advance regeneration of shade-tolerant species and short-distance colonization by midtolerant gap-phase species. Wind disturbance usually does not facilitate the establishment of pioneer species, and late-successional species largely remain dominant [30] [31] [32] . Long-distance colonization by species of relatively low shade tolerance (e.g., Betula papyrifera Marsh., Populus tremuloides Michx., Pinus strobus L.) occurs primarily after fire. Because stand-replacing fires occur infrequently in northern hardwoods [33, 34] , and early successional trees of all species combined comprise only 3.3% of the basal area in the study area forests, post-fire and long-distance recruitment are not considered in this paper. The recruitment equations for hemlock in this paper are based on calibration data only from stands having low levels of deer herbivory.
For each species, height growth is simulated for saplings and small poles in response to initial tree size, canopy gap area, and competitor crown area. For larger trees, diameter growth and background mortality are simulated as a function of species, initial tree size, and competition level (crowding or stocking level) in a 900 m 2 competition neighborhood. Mortality from natural disturbances is simulated following the natural rotation periods in Frelich and Lorimer [27] , with size-dependent individual tree probability of mortality based on equations in Hanson [35] . Stochastic variation is incorporated into predictions of species composition of new recruits, height and diameter growth, background mortality, and disturbance events. Recruitment, growth, and mortality equations incorporate categorical variables and interaction terms to account for habitat variation among the three principal floristic habitat types in the study areas.
CANOPY is 'blind' to stand-wide characteristics throughout a simulation and only 'senses' the level of competition in a small patch surrounding each individual tree. There are no stand-level or temporal constraints imposed on these responses (a partial exception is a user-specified option, not present in v. 1 and v. 2, to indicate whether a 0.25 ha patch surrounding a subject tree is evenor uneven-aged). The predicted stand-level size distribution is therefore simply a reflection of the aggregate performance of all the individual trees reacting somewhat independently to their immediate environment. The trajectory of stand development is also not influenced either by existing theories or empirical data on how stand structure changes over time. For example, an equilibrium size distribution of a forest after centuries of background mortality is not constrained to take on any particular form and is determined only by the local response of many individual trees to the prevailing gap disturbance regime.
The Demographic Sustainability Index
Although complete size distributions provide the most thorough reflection of demographic trends, size distributions are not easy to summarize in concise numerical form when making large numbers of comparisons or when conducting quantitative analyses. Therefore we also defined a 'demographic sustainability index' as the ratio of future simulated basal area to initial observed basal area. This index evaluates the degree to which the existing species or stand basal area can be sustained over time in a particular stand or landscape, given a specified disturbance regime, recruitment mechanism, and set of environmental conditions. Spatial extent and time frame will affect the numerical value of the index, but both can be adjusted based on the questions of interest. For example, a species that is not sustainable in any individual stand may nevertheless be sustainable at a larger spatial scale if there is a shifting spatial pattern of establishment and decline. Likewise, if an even-aged stand of pioneer species has deficient regeneration, the demographic sustainability index may be quite low over a time span of about a century. But if subsequent natural disturbance or harvest/planting operations stimulate adequate regeneration, then the index could be close to 1.0 over a longer time span. Note, therefore, that the index indicates only whether the basal area is expected to increase or decrease relative to its initial value and does not necessarily indicate whether a stand has an equilibrium size distribution. Equilibrium/non-equilibrium conditions are assessed by monitoring whether or not stand structure changes over time (see ref. [24] ). In Lake States northern hardwoods, the natural disturbance regime produces mostly uneven-aged stands, and so our simulations largely evaluate sustainability in a context where the canopy is usually not completely removed in a disturbance.
The demographic sustainability index was evaluated at multi-century time scales and a dual stand/landscape-level spatial scale. Depending on time demands of a particular simulation design, either 500 or 1000 year time frames were examined, a period about two to four times the average age at time of death for canopy trees in this ecosystem [36] . The simulations in this paper were designed to examine the long-term consequences of a particular demographic structure under current environmental conditions, not to predict future consequences of global environmental change. Note that the index can exceed 1.0 if the population is increasing, and that it can't be computed on plots where a species was initially absent (to avoid division by zero). Because the index reflects a relative increase or decrease, a large relative change for an uncommon species may only correspond to a small change in absolute terms (e.g., an increase from one individual to two on a 0.5 ha plot could result in a sustainability index of 2.0 or more). For these reasons, plot-level means are not shown for uncommon species. However, this limitation can be circumvented by reporting the absolute mean increase or decrease in basal area (m 2 ·ha −1 ) for each species.
The index was computed for all species pooled as well as for each of the major canopy species (sugar maple, hemlock, yellow birch, green ash (Fraxinus pennsylvanica Marsh.), basswood (Tilia americana L.), and red maple (Acer rubrum L.). While the reasons for investigating sustainability of individual species are evident, pooled species sustainability is also relevant in evaluating current forest density in cases of severe recruitment limitations. For example, combinations of exotic pests, pathogens, European earthworms, and exotic weeds and shrubs can cause high mortality and limited recruitment of many tree species in this ecosystem [37] [38] [39] , potentially leading to immature stands of chronically low density.
Evaluation of Model Predictions
CANOPY simulations in these Michigan northern hardwood study areas have been evaluated in prior papers against permanent plot records, independent long-term field experiments, and archival temporary plots in the region. Several tests evaluated accuracy of the predicted short-term (23-30 year) and long-term (1000 year) changes in the size distribution, given that changes in the size distribution reflect the separate demographic components of recruitment, growth, and mortality. In a 23-year simulation, predicted density of new sapling recruits on permanent plots was within 7% of observed numbers (predicted = 397 ha −1 , observed = 370 ha −1 ), and predicted relative proportions among species were similar to observed [18] . For 30-year change in size distributions, observed density of trees was within the range predicted by CANOPY for 86% of the 4-cm diameter classes [20] . After long-term simulations (1000 years) under small-gap dynamics, average predicted densities of trees in each size class were close to observed numbers of trees in uneven-aged, old-growth forests for all classes >10 cm DBH. In long-term simulations, predicted tree densities among size classes in stands of different developmental stages, and predicted frequency of each stand stage on the landscape, were also similar to observed [20, 24] .
For the present paper, the predicted demographic sustainability index after 30 years was also compared with the 'observed' index, based on monitored changes in basal area on the eight permanent 0.5 ha plots. Major changes in stand basal area would not be expected after only a few decades in mature and old forests not under environmental stress, and CANOPY and other models cannot predict the exact timing of stochastic disturbances that affect basal area. Nevertheless, a direct test of the predicted vs. observed sustainability index may give insights into the ability of the model to forecast the general 'direction' of short or medium-term demographic changes (increases, decreases, or no change for various species groups). A simultaneous F-test for slope and intercept was used to evaluate if observed values departed significantly from a 1:1 correspondence of predicted vs. observed [40] . Linear regression was used to verify if there was a significant trend between the predicted and observed index (slope of the relationship significantly different from zero).
Analytical Techniques
Bivariate and multiple regressions were performed to assess the degree to which the sustainability index can be predicted based on initial stand structure. Potential predictors included initial stand basal area, initial number of 2-6 cm DBH saplings present, the percentage of stand basal area occupied by the five classes centered on the mode of the basal area distribution, and several other variables. Stepwise selection based on the Akaike Information Criterion (AIC) was used to remove non-significant terms. Residual plots were manually inspected for evidence of pattern, and normality of residuals was verified with Shapiro-Wilk tests. All statistical analysis was performed in GNU R version 3.0.1 (R Foundation for Statistical Computing, Vienna, Austria) [41] .
Simulation Designs
Ten separate simulation experiments, within four general groups, were designed to clarify how variations in recruitment and mortality rate, disturbance regime, and stand vs. landscape scale affect population stability (Table 1) . Group 1 includes both individual-stand and larger-scale simulations (aggregate study areas of 23,000 ha), while groups 2-4 include only stand-scale simulations.
Projections of the upper Michigan field data (Group 1). Several sets of simulations projected the development of the 70 individual 0.5 ha field plots, during which sapling density was either fixed at initial levels to assess adequacy of current recruitment, or allowed to vary in response to changing overstory density. Simulations were run for 500 years, with 10 replicates per plot. In this and all other simulations discussed in this paper, the term 'saplings' refers to trees in the 2-6 cm DBH class (the smallest size class tracked by CANOPY). To assess stability of the current population structure, one set of simulations (Group 1a) was conducted for individual stands in which the total number of saplings of pooled species was fixed at initial levels. Group 1a simulations did not maintain constant numbers of saplings for any individual species, only for all species pooled. Tree deaths occurred through background mortality only. CANOPY predicted the species composition of new recruits based on local overstory density and species composition.
In Group 1b simulations, CANOPY's normal recruitment mechanism likewise determined species composition, but the restriction of fixed recruitment was removed. Sapling density fluctuated in response to changes in overstory density, again with background mortality only. Results were compared with plots in the field data that met structural criteria for a stable (steady-state) size distribution [24] .
In Group 1c simulations, CANOPY set species composition and allowed understory density to fluctuate on each of the 70 plots as in Group 1b, but this time in concert with simulation of the historic natural disturbance regime (data for 1850-1980, [27] ).
In all Group 1a-c simulations, final basal areas on individually simulated plots were also subsequently pooled. The sustainability index was then calculated as a ratio of final to initial pooled basal area to estimate sustainability at the landscape scale (results shown in the last column of Table 2 ).
In Group 1d, the 70 plots were pooled together initially and simulated as a single unit to represent the landscape scale, so that the total numbers of trees of each species at the larger scale could be experimentally manipulated. Also, in contrast to Group 1a, which controlled only the total number of saplings of all species, the simulations in Group 1d held the initial numbers of saplings of each species constant over the 500-year period. During these simulations, only background mortality was employed, but note that the initial number of saplings may also reflect the influence of recent episodic disturbance in the field data.
Simulation experiments with pre-determined numbers of 2-6 cm saplings (Group 2). To more directly assess the minimum population necessary to sustain a stand, a group of designed simulation experiments was performed that systematically varied the initial number of saplings across a wide range. Initial conditions for this group consisted of simulated size distributions after 1000 years of forest development with only small gap formation from background mortality. These initial conditions have the advantages of removing the complicating influence of past minor or moderate disturbances, and the initial size distribution is known from previous simulation experiments to sustain the initial basal area. Different species mixes were tested. Group 2a simulated pure sugar maple stands and recruitment was held fixed at pre-determined constant levels. Levels of recruitment ranged from 15% to 150% of the average number of 2-6 cm saplings in the initial conditions.
In Group 2b simulations, sapling recruitment in pure sugar maple stands was allowed to fluctuate within limits in response to overstory density, but recruitment was restricted so as not to exceed the quotas used in Group 2a. This was done in order to avoid forcing biologically unrealistic numbers of saplings into a stand. For example, in one trial, 600 trees·ha −1 was the maximum allowed number of saplings, but natural mortality simulated by CANOPY could cause numbers to fall below this level. To assess the influence of mixed species, this experiment was repeated using mixed hardwood stands without hemlock (2c), and with mixed hemlock-hardwood stands (2d).
Simulations imposing a constant q-ratio on 2-22 cm trees (Group 3). These 1000-year simulation experiments imposed pre-specified and constant maximum q-ratios on the 2-22 cm DBH classes (with a 5 cm class width as in most of the forestry literature on q-ratios). In each year, CANOPY counted the number of trees in the 17-22 cm class and determined the number that should then be expected in the smaller classes based on the specified q-ratio. If at any time, the model detected surplus trees in a size class beyond the number specified by the q-ratio, these were removed to maintain the specified q-ratio. If mortality in smaller classes was high enough that the 17-22 cm class was not replenishing itself, the target number of trees in the other classes was adjusted downward to account for the change in 17-22 cm density in order to maintain the specified q-ratio.
Simulations assessing minimum sustainable q-ratios (Group 4). Whereas the experiments in Group 3 examined constant q-ratios, Group 4 allowed for the possibility that variable q-ratios within a stand may be needed for sustainability. This group assessed the minimum number of understory trees needed in three consecutive 5 cm understory classes. Based on the simulated mean number of 17-22 cm trees in all-aged, old-growth stands under small gap dynamics (49 trees·ha −1 ), we determined the minimum number of trees in the next smaller class needed to sustain the 49 trees·ha −1 , given the growth and mortality functions in the model. This procedure was iteratively repeated in the three smallest size classes for 500-year time spans.
Results
Range of Demographic Sustainability Index Values for Individual Stands
Observed values of the sustainability index on the permanent plots after 30 years tended to be clustered around 1.0 as expected, ranging from 0.9-1.3 for all species pooled and from 0.5 to 1.4 for individual species (Figure 1) . Predictions for most species and plots were close to the 1:1 relationship of predicted vs. observed index values. The mean error between the observed and predicted index for all species combined was −0.018 (or 1.8% underprediction). Mean 30-year errors for the principal species were −5.1% for sugar maple, −4.9% for hemlock, and +7.4% for yellow birch. The trends for observed vs. predicted were also significantly positive for the cases of 'all species pooled,' hemlock, and yellow birch (p <0.0001), indicating the model in these cases tended to correctly distinguish stands in which basal area was likely to increase, decrease, or remain about the same. The trend was not significant for sugar maple because of two plots on which observed mortality (0.09 and 0.14 m 2 ·ha −1 ·year −1 ) was lower than predicted, although the predicted values (0.20 and 0.23 m 2 ·ha −1 ·year −1 ) were well within the range observed on the other maple-dominated permanent plots (0.19-0.32 m 2 ·ha −1 ·year −1 ). There was no consistent difference in the degree of accuracy for all-aged stands close to a steady-state structure (plots 1,2,3) compared to younger stands far from an equilibrium structure (plots 4,5,8) and old-growth stands intermediate between these two groups (plots 6,7). Because of the limited range of index values, however, it was difficult to assess the overall degree of fidelity to the 1:1 line of perfect agreement, and all of the relationships had a slope significantly different from 1.0 and intercept different from 0.0.
While observed basal area of most species on the permanent plots remained stable or increased over time, yellow birch basal area decreased to 47%-68% of its initial value on four of the seven plots on which it occurred, an outcome that was largely anticipated by the model (Figure 1d ). The predicted range of values among simulated plot replicates was related to species abundance, being smaller for dominant species and larger for minor species. For example, maple had a narrow range of predicted outcomes on maple-dominated plots and hemlock had a narrow range on hemlock-dominated plots, but both species showed a much wider range of predicted outcomes on plots heavily dominated by the other species.
When the 70 individual plots in the larger data set were simulated for 500 years with the total number of 2-6 cm saplings held constant at their initial levels (Group 1a simulations), demographic sustainability index ranged widely from 0.2 to 1.6 ( Table 2) . Final sustainability values depended on initial structure, recruitment dynamics, and disturbance regime; size distributions and predicted sustainability index values for a subset of five plots ranging widely in initial structure are shown in Figure 2 . For any particular plot, a range of values was predicted because of the stochastic growth and mortality functions in the CANOPY model. In all cases, size distributions under a disturbance regime of single treefall gaps eventually developed a descending monotonic form, but with differing final basal areas and sustainability index, depending on initial sapling density.
A number of general trends emerged from simulations of individual plots based on an assumption of constant recruitment (Group 1a). All size distributions with high sustainability (index values ≥0.9) were initially steeply descending in form. Shallow descending monotonic curves were only moderately sustainable, typically having sustainability index values of 0.5-0.7. No flat or unimodal distributions were identified that were both sustainable and stable in form if the initial density in the sapling class was maintained throughout the simulation. For example, the rather flat, unimodal distribution in Figure 2j had an index of about 0.6. Young pole stands with large numbers of small trees were often able to sustain the initial basal area (e.g., Figure 2m ) if the relatively high sapling density was maintained throughout the simulation. However, these pole stands did not have stable size distributions and were able to sustain the initial basal area only by shifting the form of their size distribution over several centuries from unimodal to descending monotonic. While observed basal area of most species on the permanent plots remained stable or increased over time, yellow birch basal area decreased to 47%-68% of its initial value on four of the seven plots on which it occurred, an outcome that was largely anticipated by the model (Figure 1d ). The predicted range of values among simulated plot replicates was related to species abundance, being smaller for dominant species and larger for minor species. For example, maple had a narrow range of predicted outcomes on maple-dominated plots and hemlock had a narrow range on hemlock-dominated plots, but both species showed a much wider range of predicted outcomes on plots heavily dominated by the other species.
A number of general trends emerged from simulations of individual plots based on an assumption of constant recruitment (Group 1a). All size distributions with high sustainability (index values ≥0.9) were initially steeply descending in form. Shallow descending monotonic curves were only moderately sustainable, typically having sustainability index values of 0.5-0.7. No flat or unimodal distributions were identified that were both sustainable and stable in form if the initial density in the sapling class was maintained throughout the simulation. For example, the rather flat, unimodal distribution in Figure 2j had an index of about 0.6. Young pole stands with large numbers of small trees were often able to sustain the initial basal area (e.g., Figure 2m ) if the relatively high sapling density was maintained throughout the simulation. However, these pole stands did not have stable size distributions and were able to sustain the initial basal area only by shifting the form of their size distribution over several centuries from unimodal to descending monotonic. Abbreviations: BM = background mortality only; HD = simulations under the historic natural disturbance regime. 1 Average demographic sustainability index on plots where the subject species was initially present. New colonizations of plots were omitted to avoid division by zero in computing the sustainability index. 2 Mean sustainability index of all 70 plots pooled (i.e., landscape scale), including plots that initially lacked the subject species. Initial basal areas of the 70 plots were pooled at the beginning of the simulations and final basal areas pooled at the end of the simulations. Higher indices for some gap-phase species in this column relative to those in the final column reflect new colonization of plots initially lacking the species. 3 Constant number of saplings maintained in the 2-6 cm class, but sapling species composition influenced by stand density. 4 Density and composition of new 2-6 cm saplings influenced by overstory density under background mortality. 5 Density and composition of new 2-6 cm saplings influenced by overstory density under the natural disturbance regime. 6 Average plot sustainability values could not be computed for minor species because of their relative rarity on the landscape.
When CANOPY's normal recruitment mechanism was activated, in which sapling recruitment varied with changing overstory density (Group 1b simulations), the five stands in Figure 2 converged toward similar descending monotonic curves. These were close to the average observed size distributions from field measurements of all-aged, old-growth stands on ATD habitat (Figure 3a,d) . While there were differences among replicates in the final number of trees in the 10-42 cm classes, the simulation envelopes for all five stands overlapped (Figure 3b ), suggesting little inherent difference among replicates. On all 70 plots, mean simulated diameter distributions of plots after 1000 years fell near the middle of the range of field observations in all-aged stands for trees >12 cm DBH (Figure 3c) .
Predictions of the sustainability index for individual species, based on 500-year CANOPY simulations of the individual plots, also indicated a wide range of index values depending on recruitment limitations and disturbance regime ( Table 2 , Group 1 simulations). Sugar maple, green ash, and all species pooled had mean stand-level index values >0.8 for all conditions tested. Yellow birch and red maple had low sustainability under most conditions, with ≥70% of plots having index values <0.4 for both species. Hemlock had variable levels of sustainability but showed a very gradual and progressive increase in relative basal area on ATD habitat under a regime of only small treefall gaps and low levels of deer browsing. Basswood and ash often had mean sustainability indices >1.5, but since these were uncommon species at the outset, they remained only a minor component of the forest at the end of the simulations.
ash, and all species pooled had mean stand-level index values >0.8 for all conditions tested. Yellow birch and red maple had low sustainability under most conditions, with ≥70% of plots having index values <0.4 for both species. Hemlock had variable levels of sustainability but showed a very gradual and progressive increase in relative basal area on ATD habitat under a regime of only small treefall gaps and low levels of deer browsing. Basswood and ash often had mean sustainability indices >1.5, but since these were uncommon species at the outset, they remained only a minor component of the forest at the end of the simulations. confidence band (thick red line) for 1000-year simulations under background mortality of all 70 plots compared to the range of variation among all-aged field plots (gray band). The narrow confidence band in the simulations is due to the large sample size (n = 700 independent observations after 1000 years of simulation), rather than lack of stochastic variation in the model (see panel b); (d) Observed diameter distributions that satisfied minimum structural steady-state criteria (ref. [24] ) for mixed hardwoods on ATD habitat. Study area abbreviations: PM-Porcupine Mountains, Syl-Sylvania.
Assessing Sustainability at the Landscape Scale
Observed landscape-level size distributions from the initial 70-plot field survey were descending monotonic in form for most species, with the exceptions of hemlock, white cedar (Thuja occidentalis L.) ( Figure 4 ) and northern red oak (Quercus rubra L.). The descending distributions might be considered sustainable under traditional, ad hoc criteria. However, since it is difficult to make reliable assessments without considering the underlying population dynamics, sustainability of the landscape-level size distributions in Figure 4 was evaluated by projecting them for 500 years using the demographic equations in CANOPY.
Two sets of simulations evaluated sustainability at the landscape scale with constant numbers of saplings but with different methods for predicting the species of new recruits (Group 1a and 1d simulations). These two analyses gave substantially different results. In simulations where species composition of saplings was influenced by overstory density (Group 1a), sugar maple and ash had sustainability >1.0 (rightmost column of Table 2 ). Other species had only moderate or low sustainability (<0.8), including the principal gap-phase species yellow birch and red maple. In Group 1d, where numbers of saplings were maintained at initial levels for each species, all species had sustainability >1.0 except red maple ( Figure 5 ).
of saplings but with different methods for predicting the species of new recruits (Group 1a and 1d simulations). These two analyses gave substantially different results. In simulations where species composition of saplings was influenced by overstory density (Group 1a), sugar maple and ash had sustainability >1.0 (rightmost column of Table 2 ). Other species had only moderate or low sustainability (<0.8), including the principal gap-phase species yellow birch and red maple. In Group 1d, where numbers of saplings were maintained at initial levels for each species, all species had sustainability >1.0 except red maple ( Figure 5 ). 
Predictors of Demographic Sustainability
Multiple regressions using demographic variables based on initial plot conditions were able to explain 47%-77% of the variation in sustainability index for all species combined, and 27%-68% of the variation for individual species (Table 3) . Independent variables most commonly significant were initial sapling density, initial basal area, quadratic mean diameter, and the average q-ratio below the mode of the size distribution. Demographic sustainability index was most predictable for both individual and pooled species when the initial number of saplings was held constant under a disturbance regime comprised only of background mortality (Group 1a, Table 3 ). Sustainability of Figure 5 . Demographic sustainability index for each of the principal species (a-f) based on 20 replicated simulations at the landscape scale (pooled measurements of all 70 plots). Simulations were constrained to maintain the initial observed numbers of 2-6 cm DBH saplings of each species in the field data, assuming a disturbance regime of background mortality only (Group 1d simulations).
Multiple regressions using demographic variables based on initial plot conditions were able to explain 47%-77% of the variation in sustainability index for all species combined, and 27%-68% of the variation for individual species (Table 3) . Independent variables most commonly significant were initial sapling density, initial basal area, quadratic mean diameter, and the average q-ratio below the mode of the size distribution. Demographic sustainability index was most predictable for both individual and pooled species when the initial number of saplings was held constant under a disturbance regime comprised only of background mortality (Group 1a, Table 3 ). Sustainability of individual species was least predictable under background mortality alone but without any recruitment limitations (R 2 = 0.27-0.45; Group 1b). Incorporating the historic natural disturbance regime resulted in the lowest predictability for pooled-species sustainability (R 2 = 0.47). However, predictability for sugar maple and yellow birch was higher under the historic natural disturbance regime (Group 1c) than under background mortality with density-dependent recruitment (Group 1b) and similar to results under background mortality with fixed recruitment (Group 1a). Abbreviations: BA = basal area; SS = stands meeting structural steady-state criteria; QMD = quadratic mean diameter; SM = sugar maple, Hem = eastern hemlock; YB = yellow birch. Equation:
1 Constant number of saplings maintained in the 2-6 cm diameter class, but species composition influenced by overstory density, under a regime of background mortality only (Group 1a simulations). 2 Composition and density of saplings both influenced by overstory density and composition, under a regime of background mortality only (Group 1b simulations). 3 Sapling recruitment as in footnote 2, but under the historic natural disturbance regime (Group 1c simulations). 4 Sum of squared errors between each stand replicate and the average diameter distribution of stands meeting criteria for steady state, computed for each 4 cm diameter class. 5 Average q-ratio below the mode of the basal area size distribution (sum of basal area in each DBH class).
In the original field data, the number of 2-6 cm saplings decreased steeply in a log-linear fashion with increasing stand basal area (Figure 6a ). Simulations indicated that the sustainability index is positively correlated with the initial number of saplings and negatively correlated with initial basal area. Sustainability index of 1.0 was predicted at 37 m 2 ·ha −1 of basal area and 320 saplings·ha −1 (Figure 6d,e) . These two levels of initial stand basal area and initial number of saplings are very similar to the mean observed values of stands in the field data (Figure 6b,c) . 
Minimum Number of Understory Trees for Sustainability
Controlled experiments that started with an all-aged stand after centuries of background mortality (Group 2a simulations), and which held the initial number of saplings at specified levels from 50 to 600 ha −1 , showed an asymptotic trend in sustainability with increasing sapling density. Maximum index values were reached when stands contained approximately 300 saplings•ha −1 (Figure 7a) . Because of stochastic variation in basal area prior to the simulation experiment, initial 'starting values' of basal area for all-aged stands were somewhat higher than the long-term average, and so the final maximum index values were slightly less than 1.0 on average. Additional experiments that placed a limit on the number of saplings but did not add more trees than predicted by CANOPY's recruitment mechanism (to avoid biologically unreasonable sapling densities) produced similar results under all species mixtures tested (Group 2b-d; Figure 7b ).
Equilibrium diameter distributions for pure maple stands with fixed numbers of saplings had shallower slopes as the initial number of saplings was decreased, but all were descending monotonic in form (Figure 8 ). Higher initial densities of saplings resulted in higher equilibrium densities of trees less than 30 cm DBH. Mortality rates, however, were correspondingly higher in high-density stands, especially for the smaller trees. For all stands with sapling densities >150 ha −1 , size distributions for trees above 40 cm DBH converged to similar form.
Controlled experiments that started from all-aged stands, applying constant q-ratios to the 2-22 cm trees (Group 3 simulations), demonstrated that q-ratios of less than about 2.2 resulted in stands with low sustainability index values averaging only 0.3-0.4 ( Figure 9 ). Results were similar for mixed hardwood stands without hemlock recruitment and for stands that included mixed hemlock-hardwood recruitment. 
Controlled experiments that started with an all-aged stand after centuries of background mortality (Group 2a simulations), and which held the initial number of saplings at specified levels from 50 to 600 ha −1 , showed an asymptotic trend in sustainability with increasing sapling density. Maximum index values were reached when stands contained approximately 300 saplings·ha −1 (Figure 7a) . Because of stochastic variation in basal area prior to the simulation experiment, initial 'starting values' of basal area for all-aged stands were somewhat higher than the long-term average, and so the final maximum index values were slightly less than 1.0 on average. Additional experiments that placed a limit on the number of saplings but did not add more trees than predicted by CANOPY's recruitment mechanism (to avoid biologically unreasonable sapling densities) produced similar results under all species mixtures tested (Group 2b-d; Figure 7b ).
Equilibrium diameter distributions for pure maple stands with fixed numbers of saplings had shallower slopes as the initial number of saplings was decreased, but all were descending monotonic in form (Figure 8 ). Higher initial densities of saplings resulted in higher equilibrium densities of trees less than 30 cm DBH. Mortality rates, however, were correspondingly higher in high-density stands, especially for the smaller trees. For all stands with sapling densities >150 ha −1 , size distributions for trees above 40 cm DBH converged to similar form. were added if necessary to maintain the specified sapling density (Group 2a simulations); (b) Stands where the specified sapling density was used as a limit (i.e., additional trees were not added if mortality reduced the population below the specified density; Group 2b-d simulations). Controlled experiments that started from all-aged stands, applying constant q-ratios to the 2-22 cm trees (Group 3 simulations), demonstrated that q-ratios of less than about 2.2 resulted in stands with low sustainability index values averaging only 0.3-0.4 ( Figure 9 ). Results were similar for mixed hardwood stands without hemlock recruitment and for stands that included mixed hemlock-hardwood recruitment. Iterative experiments that controlled q-ratios in the 2-7, 7-12, and 12-17 cm diameter classes (Group 4 simulations) showed that a variable q-ratio-as high as 3.7 in the smaller classes-was necessary to maintain target tree densities in the medium diameter classes (Table 4) . Predicted minimum sapling numbers were also generally close to the mean number of saplings in the field data (Figure 6c) , with only about 20% of the stands carrying large excesses. Observed numbers of saplings in all-aged stands classified as steady state based on structural criteria [24] were even higher, averaging 686 ha −1 (Table 4 ). Iterative experiments that controlled q-ratios in the 2-7, 7-12, and 12-17 cm diameter classes (Group 4 simulations) showed that a variable q-ratio-as high as 3.7 in the smaller classes-was necessary to maintain target tree densities in the medium diameter classes (Table 4) . Predicted minimum sapling numbers were also generally close to the mean number of saplings in the field data (Figure 6c) , with only about 20% of the stands carrying large excesses. Observed numbers of saplings in all-aged stands classified as steady state based on structural criteria [24] were even higher, averaging 686 ha −1 (Table 4) . Table 4 . Determination of minimum tree densities in the three smallest size classes needed to perpetuate the steady-state structure shown in panel 1. In Panels 2-4, the number of trees in the three smallest 5 cm diameter classes were iteratively adjusted to determine the number of trees necessary to sustain the next larger size class (final result in bold). Simulations were conducted for 500 years, with 20 replicates each, starting from steady-state stands on Acer-Tsuga-Dryopteris (ATD) habitat that developed after clearcut under background mortality only (Group 4 simulations). Numbers in parentheses show 95% confidence intervals.
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Discussion
Characteristics and Dynamics of Sustainable Size Distributions
Results suggested that the following types of size distributions were not generally sustainable in this forest type and range of habitat conditions: (1) flat distributions; (2) shallow descending monotonic curves; and (3) unimodal curves. While a flat or shallow descending distribution could be sustainable if mortality rates are sufficiently low (e.g., [42] ), the simulations in this study suggest that observed mortality rates in CANOPY's regional calibration data set were too high to sustain such distributions under the range of disturbance regimes and stand densities tested in these experiments. Results imply that descending monotonic curves should not always be assumed to indicate sustainable populations in the absence of specific knowledge of mortality and recruitment rates. Likewise, we could find no evidence that unimodal distributions could represent alternative stable states for these species under the conditions examined. All sustainable and stable size distributions in this study were steeply descending in form.
The relationships in Figure 3 , Figure 6 , and Figure 8 suggest underlying feedback mechanisms in these forests that cause stand structure to trend toward a stable size distribution in the absence of moderate or severe disturbance. When basal area is relatively high, recruitment decreases ( Figure 6a ) and mortality increases, driving overall stand density downward over time (Figure 8 ). But when basal area is low, the density of saplings tends to increase in the absence of recruitment limitations (Figure 6a ). In this study, these countervailing trends balanced, with a demographic sustainability index of 1.0, at 37 m 2 of basal area and 320 saplings (2-6 cm DBH) per hectare (Figure 6d,e) . These values correspond with the mean of field observations (Figure 6b,c) , suggesting that the existing landscape-level size distribution is, on average, close to CANOPY's predicted stable structure. Stands with varied initial structures all converged toward a common simulated size distribution on the same habitat and site productivity level (Figure 3a) . All-aged stands in the field data likewise appeared to converge toward a common size distribution (e.g., the eight mixed hardwood stands on ATD habitat shown in Figure 3d) .
Some authors have suggested that relatively low and constant q-ratios are sustainable and typical of natural stands, and they have used the negative exponential function (with implied uniform mortality rates for all size classes) to assess demographic stability (e.g., [16, 43] ). In low-density, multi-cohort stands of shade-intolerant pines (Pinus ponderosa Laws.), O'Hara [44] provided simulation evidence that constant q-ratios of less than 1.5, or even linearly decreasing numbers of trees, may be sustainable in actively managed forests in a summer-dry climate. Q-ratios in mesic stands of shade-tolerant species with dense canopies, however, can be quite high. In old-growth northern hardwood stands of the Sylvania Wilderness in upper Michigan, q-ratios of the 5-10 cm class averaged 6.5 [45] . In the present study, mean q-ratios in the field data for all-aged stands ranged from 4.5 in the sapling classes to 1.6 for the smaller overstory trees (Table 4) . Any q-ratio greater than 2.3 in the smaller size classes appeared to be sustainable in CANOPY simulations, suggesting that ratios as high as six may reflect more saplings than ordinarily needed to sustain the population.
Nevertheless, in this study, variable and relatively high q-ratios were necessary in the smaller size classes (<20 cm) to maintain a stable, uneven-aged size distribution in unmanaged stands. Constant q-ratios of 1.3 are used commonly in silvicultural guidelines for northern hardwoods managed by the selection system [46] [47] [48] , and they do provide a reasonable approximation to the form of a natural size distribution over the range of diameters typically regulated in managed stands (e.g., 15-60 cm DBH). Although our experiments did not include overstories managed by single-tree selection, when a q of 1.3 was applied to the 2-22 cm DBH classes, stands had long-term sustainability index values of only 0.3. The resulting stand basal areas were only~12 m 2 ·ha −1 , well below the recommended minimum level for fully-stocked managed stands. Given the inability of these sapling densities to restore full stocking to such sparsely-stocked stands, it seems unlikely that selection harvesting in the overstory under a constant q of 1.3 would improve matters and reverse this trend. Previous simulations of single-tree selection harvesting using CANOPY indicated that with a constant q of 1.3 in trees >12 cm DBH, the resulting stands developed understories below that threshold size with much higher q-ratios [22] . The main concern regarding use of a low and uniform q-ratio would be in cases where small trees in mature, uneven-aged stands are thinned and removed for products such as bioenergy (e.g., [49, 50] ), which could compromise population sustainability.
Rubin et al. [43] argued for a more general use of a constant q-ratio and challenged the validity of alternative models, even for equilibrium populations in old-growth stands. However, the arguments include no direct supporting evidence on mortality or growth rates from either stand-level field data in all-aged stands or simulations based on demographic field data. CANOPY experiments suggest that a rotated sigmoid size distribution (sensu Goff and West [10] ) with variable q-ratios may be required across the full range of size classes, as in a forest managed for old-growth characteristics [51] . Rotated sigmoid size distributions have been widely reported in old-growth, uneven-aged stands of various shade-tolerant species (e.g., [14, [52] [53] [54] [55] [56] ), including those in the present study areas [45, 57, 58] .
While mortality rates have sometimes been reported to be nearly size-invariant (e.g., Kohyama et al. [9] in Malaysia), mortality-size trends in late-successional temperate forests have been more commonly U-shaped, with higher mortality rates for small and large trees [6, 17, 52, [59] [60] [61] . This is also the case for the northern hardwood permanent plot records, spanning 54 years, in CANOPY's calibration data set [18, 36] . These U-shaped mortality-size trends are consistent with the observed rotated sigmoid structure in old-growth stands. The steep decrease in mortality rates for trees in the 15-25 cm DBH classes as trees reach the canopy layer corresponds to the substantial decrease in q-ratios for trees in those classes, and the rise in mortality rates for large trees coincides with an abrupt increase in q-ratios for trees >65 cm DBH. In forests with U-shaped mortality-size trends, elevated mortality in small and large trees compared against a fixed baseline with size-invariant morality may not necessarily indicate a forest health problem.
Sustainability of Shade-Tolerant vs. Gap-Phase Species
Overstory populations of shade-tolerant species tended to be sustainable both at the level of individual plots and at the landscape scale. Sugar maple had high values of the sustainability index (average plot index >1.2 and landscape-scale index >0.95) under all conditions tested. The more varied outcomes for hemlock likely reflect several factors, including inherent differences in seedling biology between these two late-successional species. CANOPY predicts that under historic baseline conditions with late 20th/early 21st century climate, hemlock on Acer-Tsuga-Dryopteris habitats would gradually increase in importance over a span of >500 years under a regime of single-tree gap dynamics and low deer populations (sustainability index of 1.6-2.3). However, under simulations of the natural disturbance regime, average-plot sustainability of hemlock decreased to 1.2, and landscape-scale sustainability decreased to 0.8. The model suggests that historically, hemlock increasingly dominated stands under a regime of small treefall gaps, but this trend was held in check by the periodic occurrence of more intense canopy disturbance (see also similar conclusions from field data in [62] ). Permanent plots and historical land-survey records likewise suggest that hemlock can maintain or increase dominance under disturbance regimes in which large openings and stand-replacing disturbances are infrequent [15, 63, 64] . But mature hemlock is also known to undergo high mortality after sudden crown exposure and drought [65, 66] , and hemlock seedling establishment is often poor in large windthrow openings because of limited seed dispersal, paucity of mineral soil and other 'safe sites' for establishment, and high mortality [31, 67] . With its typically dense and tall layer of advance regeneration, sugar maple is more insulated from these influences.
Most gap-phase species were sustainable when the aggregate population was simulated at the landscape scale, but often not at the level of individual plots. For example, yellow birch and red maple (the most abundant of these species) had sustainability less than 0.6 on~80% of individual plots under all conditions tested. This appears to reflect the shifting-mosaic nature of recruitment of many gap-phase species. Typical size distributions of gap-phase species in the upper Michigan data set contain occasional spikes of recruitment, but the majority of stands lack adequate recruitment. In 57% of field plots where yellow birch occurred, the mean density of birches <25 cm DBH (in 4 cm size classes) was less than the mean density per size class ≥25 cm DBH. In 83% of these cases, density of small birches was at least 20% lower than density per size class of large birches. On these plots, the understory would be unable to sustain the overstory under current conditions even in the absence of any mortality.
The differing outcomes of alternate recruitment models of landscape-scale sustainability for yellow birch under the natural disturbance regime (Group 1c vs. 1d simulations) probably reflect substrate limitations in some of the model calibration data. Abundant yellow birch recruitment in unmanaged forests often requires not only openings larger than single treefall gaps, but also mounds with exposed mineral soil and rotted woody debris [68] . Birch abundance often declines in old-growth stands after many decades of only small-gap formation [15, 63] and in younger managed forests lacking required seedbed conditions [69] [70] [71] . While some CANOPY calibration plots on the Acer-Tsuga-Maianthemum habitat type had good yellow birch sapling recruitment, few plots on the predominant Acer-Tsuga-Dryopteris type had the all the required factors for good birch recruitment in recent years. This probably caused CANOPY to underestimate birch establishment at the landscape scale over the longer time frame of this study. In contrast, the Group 1d simulations did not utilize the CANOPY recruitment equations but simply held constant the initial observed sapling densities of each species in the 70 primary forest plots. Some of these plots had good birch recruitment after a heavy windstorm 29 years earlier and after other more moderate disturbances. The primary forest plots thus had a greater range of natural disturbance and seedbed conditions, as well as a much larger (~18 x) total sample area for saplings, than the CANOPY recruitment calibration data. Consequently, the Group 1d simulations ( Figure 5 ) probably provide better assessments of landscape-level sustainability of gap-phase species under those environmental conditions.
Potential Applications
A simulation approach could be useful in conservation planning to identify stands and species with potentially unsustainable populations. Sustainability estimates could be used to prioritize management activity, focusing any interventions (e.g., planting operations, population control of herbivores, insect pests, invasive plants, etc.) on sites where they are most needed and most likely to be effective. Such indices could easily be integrated into an Adaptive Management approach, as these already make prominent use of models [72, 73] . Advantages of the ratio index in this paper include its biological interpretability and consistent meaning for different species, sites, and geographic regions; its ability to quantify different degrees of sustainability (including increasing populations); and its flexibility in applying to various temporal and spatial scales. A suitable forest model can also predict the future size distribution (e.g., Figures 2 and 3 in this paper) rather than basal area alone. This is important because over a limited time span of a few decades, size increases of surviving trees often cause a net basal area increase even if no new recruitment is occurring (e.g., Quercus spp., [74, 75] ). In the present study, this was the case on the three hemlock-dominated permanent plots, where hemlock basal area increased even though no new hemlock sapling recruitment had occurred for more than 70 years because of intensive deer browsing [76] .
In this paper, we used a complex, individual-tree model with many components, (e.g., simulation of the natural disturbance regime, sapling height growth, lateral crown growth, and monitoring of gap size) to provide the raw data for making projections. However, less complex individual-tree models or even whole-stand models, such as those that utilize non-spatial forest inventory data (e.g., [77, 78] ), might also be suitable in some situations. The minimum essential requirements for projecting size distributions are models capable of simulating recruitment, growth, and mortality in response to varying stand density levels.
Long-term sustainability in this study was evaluated for existing species under dynamics of the historic natural disturbance regime (growth and mortality calibration data from the mid 20th to early 21st centuries and disturbance regime data from the early 19th to late 20th centuries). Climate change and the oncoming complex of invasive and exotic pests will likely have a profound impact on these forest dynamics. For example, under background mortality, CANOPY predicted an average demographic sustainability index of 0.9 for hemlock in an old-growth stand with 70% hemlock basal area but no infestation of the exotic hemlock woolly adelgid (Adelges tsugae). In a simulation including a single adelgid infestation that killed 25% of the live hemlocks (as in Eschtruth et al. [79] ), the predicted mean sustainability index was reduced to 0.74. When a persistent infestation was assumed, such that hemlock mortality was 25% in each decade (cf. Orwig et al. [80] ), the mean index value was further reduced to 0.07. To provide more specific future predictions, however, the recruitment, growth, and mortality functions would need to be recalibrated periodically under changing environmental conditions to take into account interactive effects of multiple stressors. The large number of individual stressors and the complexity of interactions pose daunting challenges. One of the more feasible approaches to deal with this complexity may involve 'scenario modeling.' In this approach, the best current and future estimates of demographic functions for each tree species would reflect the cumulative impact of numerous environmental stressors, even if impacts and interactions of individual factors are not well understood at the time and are constantly changing.
Conclusions
Forest simulation models that include regeneration subroutines can provide insights into the long-term demographic sustainability of tree species, an issue not easily investigated by other methods. Advantages of the model-generated demographic sustainability index in this paper include biological interpretability across species, habitats, and geographic locations, as well as a consistent meaning across different temporal and spatial scales.
The simulations in this study point to sapling density as a key controlling variable that determines whether or not the overstory basal area can be sustained at its current level. In these northern hardwood stands, the current overstory basal area could not be sustained if the pooled-species sapling density dropped substantially below 300 trees per hectare. For both shade-tolerant and gap-phase species, size distributions needed to be steeply descending in form with variable q-ratios in order to avoid net decreases in basal area. Sapling mortality rates were too high, even in canopy gaps, for 'flat' or unimodal or shallow descending size distributions to sustain current species importance. Likewise, in the majority of individual stands, gap-phase species did not have sufficient numbers of saplings to sustain their current importance. Simulations suggested that in~40%-80% of the randomly-selected stands, basal area of gap-phase species would be reduced by at least 40% under background levels of gap formation. However, nearly all gap-phase species had steeply descending size distributions at the landscape scale because of recruitment following episodic disturbance. Simulations predicted that these species would maintain their current importance in these study areas at the landscape scale under present environmental conditions.
While the risks to forest health caused by exotic organisms that kill overstory trees are readily apparent, this study also highlights the potential risks caused by historically novel factors capable of reducing sapling density. Such factors include exotic insects and diseases that can attack young trees (e.g., hemlock woolly adelgid and white pine blister rust), as well as inhibition of sapling establishment caused by invasive weeds, shrubs, exotic earthworms, excessive deer populations, and climate change.
